Temporal universal conductance fluctuations in RuO$_2$ nanowires due to
  mobile defects by Lien, An-Shao et al.
ar
X
iv
:1
10
9.
58
48
v1
  [
co
nd
-m
at.
me
s-h
all
]  
27
 Se
p 2
01
1
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Temporal universal conductance fluctuations (TUCF) are observed in RuO2 nanowires at cryo-
genic temperatures. The fluctuations persist up to very high T ∼ 10 K. Their root-mean-square
magnitudes increase with decreasing T , reaching ∼ 0.2e2/h at T . 2 K. These fluctuations are shown
to originate from scattering of conduction electrons with rich amounts of mobile defects in artifi-
cially synthesized metal oxide nanowires. TUCF characteristics in both one-dimensional saturated
and unsaturated regimes are identified and explained in terms of current theories. Furthermore,
the TUCF as a probe for the characteristic time scales of the mobile defects (two-level systems) are
discussed.
PACS numbers: 73.23.-b, 73.63.Bd, 72.70.+m, 72.15.Rn
I. INTRODUCTION
The study of quantum-interference effects (QIE) is
a central theme in the electron transport properties of
mesoscopic and nanoscale conductors.1 When the dimen-
sions of a miniature conductor become comparable to the
electron dephasing length Lϕ, the QIE cause notable cor-
rections to the classical (magneto)conductivity, and the
Ohm’s law may no longer be valid. Lϕ is the character-
istic length scale over which the electron wavefunction
maintains its deterministic phase memory.2
One of the most extensively studied phase-coherence
phenomena is the universal conductance fluctuations
(UCF).3 UCF has the unique feature that their fluctua-
tion magnitudes increase with the lowering of T (usually,
at temperatures < 1 K).4–7 In most cases, the properties
of UCF are studied by measuring the conductance G as a
function of magnetic field B or Fermi energy, where the
UCF exhibit reproducible but aperiodic “fingerprints,”
provided that the device is constantly maintained at low
T . On the other hand, the temporal UCF (TUCF) have
not been widely seen in experiments, where G fluctu-
ates with time.8–10 Previously, “direct” observations of
TUCF in nonmagnetic metals had only been made in
thin Bi wires and films11 and Ag films12 at very low
T . 0.5 K.13 Besides, the power spectra as a function of
T or B had been studied,14–16 which effectively had inte-
grated over the TUCF events over time. These phenom-
ena were ascribed to perpetual fluctuations of single scat-
tering centers between their bistable positions with time
scales τd, which values have a very broad distribution.
15
The current theory on TUCF has made no connection
with τd,
4–7,9,10 though the switching rates of particular
defects have been measured in several cases.17,18
Ruthenium dioxide (RuO2) crystallizes in the rutile
structure and exhibits metallic conductivities, which can
be described by the standard Boltzmann equation.19
Quasi-one-dimensional (1D) RuO2 nanowires (NWs) are
stable in the ambient environment and could be applied
as interconnects in nanoelectronic devices.20 Previously,
the magnetoresistance (MR) in the weak-localization
(WL) effect had been studied in three-dimensional (3D)
RuO2 thick films.
21 In that case, the UCF were not ob-
served due to the macroscopic sample dimensions. In
sharp contrast, we find in this work that the G of indi-
vidual RuO2 NW fluctuates markedly with time. Thus,
the MR is largely smeared out and difficult to trace.
The TUCF persist up to a very high T ∼ 10 K. Fur-
thermore, our measured TUCF can be quantitatively
described by the saturated and unsaturated theories of
Feng,10 which have been predicted for two decades but
not yet been experimentally tested for 1D. We thus iden-
tify the microscopic origin for our TUCF to be the ex-
istence of rich amounts of mobile defects in metal ox-
ide NWs. The dynamic defects could arise from oxygen
nonstoichiometries.22
This paper is organized as follows. Section II contains
our experimental method. Section III contains our ex-
perimental results and theoretical analysis. A proposal
for using the TUCF as a sensitive probe for the charac-
teristic time scales of the mobile defects is also discussed.
Our conclusion is given in Sec. IV.
II. EXPERIMENTAL METHOD
Single-crystalline RuO2 NWs were grown by the ther-
mal evaporation method. The morphology and atomic
structure of the NWs were studied by the scanning elec-
tron microscopy (SEM) and the transmission electron
microscopy.23 Four-probe individual NW devices were
fabricated by the electron-beam lithography.20 [Figure
1(c) shows an SEM image of the NW67 nanowire de-
vice.] The resistance measurements were performed on
standard 4He and 3He cryostats.24 A Linear Research
LR-700 ac resistance bridge operating at a frequency of
16 Hz was employed for resistance measurements. An
excitation current of . 100 nA (so that the voltage drop
. kBT/e, where kB is the Boltzmann constant) was ap-
plied to avoid electron heating. Table 1 lists the param-
eters of the four NWs studied in this work. The samples
are named according to their diameter.
2TABLE I. Parameters for RuO2 NWs. d is the diameter, L
is the voltage probe distance in a four-probe geometry, D is
the diffusion constant, and ℓ is the electron mean free path.
Nanowire d L ρ(300 K) ρ(10 K) D ℓ
(nm) (µm) (µΩ cm) (µΩ cm) (cm2/s) (nm)
NW67 67 1.5 180 125 3.5 1.6
NW120 120 0.73 200 165 2.6 1.2
NW54 54 0.69 580 450 0.95 0.44
NW47 47 1.0 780 616 0.71 0.33
III. RESULTS AND DISCUSSION
A. Experimental results and comparison with
theory
Figure 1(a) shows the resistance R as a function of
time for the NW67 nanowire at five T values. The fluc-
tuations in R with time is evident and can be catego-
rized into two types: the first type characterizes fast
fluctuations, and the second type characterizes a few dis-
crete slow fluctuations.25 In the case of slow fluctuations
(jumps), indicated by arrows for some of them, R changes
abruptly from one average value to another. The time
interval between such consecutive jumps is irregular and
relatively long. Fast fluctuations, on the other hand, in-
volve many nearly simultaneous jumps with overlapping
in their time intervals. These fluctuations are character-
ized by a broad distribution of time scales and a range of
fluctuation magnitudes.8 These jumps can not be indi-
vidually resolved by the usual electrical-transport mea-
surement technique. (In this experiment, 5 data points
were acquired per second.) Most notably, the magnitudes
of the fast fluctuations are greater at lower T . This is a
pivotal signature of the UCF mechanism. As T increases,
the fast fluctuations decrease monotonically and dimin-
ish around ∼ 10 K, where the R fluctuation magnitudes
level off to the instrumental noise level (. 1 Ω).
We plot in Fig. 1(b) the temporal variation of the con-
ductance fluctuation δG = G−〈G〉 of the NW67 nanowire
at 0.26 K. In units of the quantum conductance e2/h,
〈G〉 is the measured conductance averaged over time in
Fig. 1(a). The fast fluctuations have a “peak-to-peak”
magnitude of δG ≈ 0.5e2/h. Also presented are two slow
jumps occurring at ≈ 610 s, 980 s on the time scale, and
with abrupt G changes of ≈ 0.2e2/h, −0.7e2/h, respec-
tively. Therefore, the typical magnitudes of slow jumps
at low T are also of a fraction of e2/h. Because the fast
fluctuations provide immense events for a reliable statis-
tical analysis, a critical check on the theory of mobile-
defect-induced UCF predicted by Feng10 becomes possi-
ble. We shall focus on the fast fluctuations in the rest of
this paper. As for the slow fluctuations, they had previ-
ously been ascribed to the UCF mechanism,11,12 but it
is much less eventful here as to warrant a quantitative
analysis.
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FIG. 1. (color online). Resistance/conductance fluctuations
in NW67 nanowire. (a) Resistance versus time at five temper-
atures, as indicated. The arrows indicate a few slow jumps.
Data for 6.0, 3.0, 2.0, and 0.26 K are offset for 10, 20, 30,
and 40 Ω, respectively, for clarity. (b) Conductance variation
δG = G − 〈G〉 versus time at 0.26 K. (c) An SEM image of
this NW device.
To quantify the fast UCF, we start with the root-
mean-square magnitude of the conductance fluctuation
δGrms =
√
〈(G− 〈G〉)2〉. Here 〈...〉 denotes averaging
over a proper time interval while excluding the slow fluc-
tuations. Figure 2(a) shows δGrms as a function of T in
double-logarithmic scales for the four NWs listed in Table
1. This figure reveals that δGrms increases with decreas-
ing T in every NW until below about 1–2 K (depending
on sample), where δGrms tends to saturate. (The level off
at T > 10 K is due to the background noise.) While such
T behavior of δGrms is similar for all samples, Fig. 2(a)
clearly indicates that the δGrms magnitude varies greatly
from one NW to another. The magnitudes of δGrms in the
NW67 and NW120 nanowires are more than one order
of magnitude higher than that in the NW54 nanowire
which, in turn, is a factor of ∼ 5 larger than that in
the NW47 nanowire. Such sensitive sample dependent
δGrms magnitude provides a strong evidence that our
measured δGrms must originate from specific NW prop-
erties rather than from instrumental electronics. Note
that as T decreases from 10 to 0.26 K, the magnitude
of δGrms in the NW67 nanowire increases by about one
order of magnitude, from ≈ 0.02e2/h to ≈ 0.2e2/h. In
contrast, the TUCF in submicron Ag films studied by
Giordano and coworkers could only be seen at much lower
T . 0.5 K.12 This strongly suggests that dynamic de-
fects in RuO2 NWs are markedly more numerous and/or
vigorous than those in conventional lithographic metal
mesoscopic structures.
Theoretically, the UCF in different dimensionali-
ties and under different conditions have been studied
by Altshuler,5 and Lee and coworkers.7 Altshuler and
Spivak,6 and Feng, Lee and Stone9 proposed that the
UCF are very sensitive even to the motion of single or a
few scattering centers. Explicitly, Feng10 predicted that,
in a 1D rectangular wire with transverse dimensions Lx
and Ly and longitudinal dimension Lz (> Lϕ), the fluc-
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FIG. 2. (color online). (a) log10(δGrms) as a function of
log10(T ) for four RuO2 NWs. The solid (dashed) curve drawn
through NW67 (NW54) nanowire is a least-squares fit to Eq.
(1) [(Eq. 2)]. Note that the system noise has not been sub-
tracted from these results. (b) Lϕ as a function of log10(T )
for NW67 and NW54 nanowires. The solid curves are least-
squares fits to Eq. (3).
tuation magnitude in the “saturated” regime is given by
(δGrms)
2 = 177.7〈G2〉 1
k4F ℓ
2
L3ϕ
L2xL
2
yLz
, (1)
where kF is the Fermi wavenumber, and ℓ is the electron
mean free path. A sample falls in the saturated regime if
β, the ratio of the number of mobile defects to the number
of total (static and mobile) defects, satisfies the condition
β ≫ (ℓ/Lϕ)2. Conversely, in the “unsaturated” regime
β ≪ (ℓ/Lϕ)2, Feng predicted10
(δGrms)
2 = 27π2βC¯〈G2〉 1
k4F ℓ
4
L5ϕ
L2xL
2
yLz
, (2)
where C¯ is a constant (typically, ∼ 0.1). The predictions
of Eqs. (1) and (2) have thus far not been experimentally
tested. (The corresponding 2D regime have previously
been studied by Birge and coworkers.15)
For the NW67 nanowire, kF ℓ ≈ 13. Thus, the NW
is weakly disordered and satisfies the prerequisite con-
dition of the UCF mechanism, namely, G > e2/h. The
solid curve through the NW67 nanowire in Fig. 2(a) was
obtained by least-squares fitting the data to Eq. (1),
with Lϕ being the sole adjustable parameter. We took
Lx = Ly = d and Lz = L, the NW segment between
the two voltage probes. The extracted Lϕ as a function
of log10(T ), plotted in Fig. 2(b), is subject to further
scrutiny below. Together we see that Eq. (1) well de-
scribes the data. Furthermore, Lϕ decreases monoton-
ically from 245 nm at 0.26 K to 73 nm at 10 K. This
provides an assuring check that this NW is 1D (Lϕ > d)
for the UCF effect. Since Lϕ ≫ ℓ in our NWs, the
electrons undergo diffusive motion such that the UCF
physics rather than the “local interference” mechanism
(ℓ≫ Lϕ)8,10 is responsible for the G fluctuations we ob-
served in this work.
The physical meaning of Lϕ(T ) is further examined
below. In general, Lϕ can be written as
2
1
L2ϕ(T )
=
1
L20
+
1
L2ee(T )
+
1
L2ep(T )
, (3)
where L0 is a constant, whose origins are a subject of
elaborate investigations.2,26–29 The 1D electron-electron
(e-e) dephasing length is Lee =
√
Dτee, where D is
the diffusion constant, and 1/τee = AeeT
2/3.2,28,30 The
electron-phonon dephasing length is Lep =
√
Dτep,
where 1/τep = AepT
p. The value of the exponent p
depends on the T interval and the degree of disorder
in the sample (typically, 2 ≤ p ≤ 4).2,31 Figure 2(b)
shows that our extracted Lϕ in the NW67 nanowire can
be well described by Eq. (3). That the fitting pa-
rameters, listed in Table II, have the appropriate or-
ders of magnitude lends strong support to this finding.32
For the parameter Aee, the theoretical prediction
2,28,30
(Aee)
th = [(e2
√
DRkB)/(2
√
2~2L)]2/3 = 1.6× 109 K−2/3
s−1 is in good agreement with the experimental value.
Furthermore, our measured UCF have a saturated value
δGrms(0.26K) ≈ 0.2e2/h, which is smaller than that
of a mesoscopic 1D sample, 0.73e2/h.4,7 This can be
understood in light of the fact that our NW length
L ≈ 6Lϕ(0.26K) ≈ 6L0. The small ensemble of sub-
systems leads to a reduction factor ∼ 1/√6 ≈ 0.4, which
is in very good consistency with the measured value.
For the NW54 nanowire, the δGrms magnitude is one
order of magnitude smaller than that in the NW67
nanowire. We find out that the measured δGrms can
be least-squares-fitted with Eq. (2) [the dashed curve
in Fig. 2(a)]. This result implies that the NW is in the
unsaturated regime, with the fraction of mobile defects β
much smaller than that in the NW67 nanowire. Numer-
ically, we obtained β ≈ 1× 10−6, which corresponds to a
dynamic impurity concentration β/ℓ3 ∼ 1×1016 cm−3 or
∼ 3 mobile defects in a phase-coherence segment. This
result illustrates the extreme sensitivity of UCF to a few
mobile defects. In contrast, β for the NW67 nanowire is
estimated, with β > (ℓ/Lϕ)
2 ∼ 10−4, to be more than
one order of magnitude higher.33 A confirmation of the
unsaturated regime for the NW54 nanowire is obtained
from Fig. 2(b), when Lϕ varies from 105 nm (0.26 K) to
65 nm (6 K). With ℓ ≈ 0.44 nm (Table I), the criterion
β ≪ (ℓ/Lϕ)2 is satisfied. Furthermore, our extracted
value of Aee (Table II) is in good agreement with the
theoretical value (Aee)
th = 3.1 × 109 K−2/3 s−1. (No
fitting is done for the NW47 nanowire due to the small
δGrms.)
Our assertion that the observed TUCF are due to mo-
bile defects is further supported by examining the T de-
pendence of R. Figure 3(a) shows the normalized resis-
tance, R/R(30K), as a function of T for the NW67 and
NW54 nanowires from several cooldowns. In the NW67
nanowire, R increases by a large amount ≈ (7±2)% as T
is reduced to 0.26 K. The R increases due to 1D WL and
e-e interaction (EEI) effects predict an increase < 1% in
this sample [the solid and dashed curves in Fig. 3(a), re-
4TABLE II. Fitting parameters for Lϕ(T ) defined in Eq. (3).
Aee is in K
−2/3 s−1, Aep in K
−p s−1, and L0 in nm.
Nanowire Aee Aep p L0
NW67 3.0 × 109 3.7× 108 2.1±0.2 240
NW54 6.0 × 109 1.3× 109 1.9±0.2 105
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FIG. 3. (color online). (a) Variation of R/R(30K) with
log10(T ) of NW67 and NW54 nanowires. The solid (dashed)
curve indicates 1D WL (EEI) contribution with the sample
parameters of NW67 nanowire [that for NW54 (not shown)
are even smaller]. (b) δR versus T of NW67 nanowire from
three cooldowns. Data are offset for clarity. (c) Noise
power spectrum log10(SG) as a function of log10(f) of NW67
nanowire. The solid line through the 2.0 (6.0) K data is a
least-square fit to f−0.95 (f−1.0) frequency dependence.
spectively]. The discrepancy demands an extra, govern-
ing contribution to the observed “large” low-T resistance
rise. (Similar conclusion applies to the NW54 nanowire.)
In contrast, such a discrepancy was not found in con-
ventionally deposited Bi wires.11 This extra contribution
originates most likely from the scattering of conduction
electrons with mobile defects (two-level systems, TLS).34
Indeed, a logarithmic T dependence followed by a “sat-
uration” behavior is consistent with the TLS-induced R
rise.29,35,36 Moreover, Fig. 3(a) indicates that, as T re-
duces, the measured R distributes over a wider range of
R values at a given T . This is a direct manifestation of
the TUCF. Note that both the increments in R and in
the R distribution are markedly larger for the NW67 than
for the NW54 nanowire, suggesting again a much higher
level of mobile defects in the former NW. Effect of ther-
mal cycle is shown in Fig. 3(b) for the NW67 nanowire
from three cooldowns. The detailed variations in R differ
in the three runs, obviously due to the rearrangement of
mobile defects (while the peak-to-peak fluctuation mag-
nitudes remain similar, ∼ 5 Ω or ∼ 0.5e2/h). In addition,
our power spectral analysis of the fast fluctuation data
shown in Fig. 1(a) reveals a 1/fα frequency dependence
with α ≈ 1.0±0.1 in the interval ∼ 0.005–1 Hz [Fig. 3(c)],
as predicted by the UCF mechanism.9,10
B. Time scales of mobile defects
We would like to point out that TUCF could provide
more microscopic information about the mobile defects
than one previously thought. Specifically, we are refer-
ring to the time scale τd in which the mobile defects
perpetually fluctuate between their bistable positions.
Though the current TUCF theory4–7,9,10 has left this τd
aspect unaddressed, it does lead one to a vital piece of
information, namely, the number of mobile defects N in
a phase-coherence segment. In this work, we have ob-
tained N & 30 (∼ 3) for the NW67 (NW54) nanowire.
These mobile defects can be configured in Nc ≃ 2N
possible ways where their respective G values vary with
δGrms ∼ e2/h, according to UCF. However, the TUCF
would not have been observed in an experiment with a
measuring time Tm for each taking of the G data, if we
were in the regime Tc ≪ Tm, where Tc is the time for the
mobile defects to evolve through the entire Nc configu-
rations. Thus the condition Tc & Tm must hold in this
work.
Assuming that Tc ∼ Ncτd, the condition that the dy-
namics of these N mobile defects can be observed in our
TUCF experiment provides us a lower bound to the τd
of these defects, namely, τd & τd,min ≡ Tm/Nc. Specif-
ically, taking Tm ∼ 0.1 s, we have τd,min ∼ 0.1 ns for
N ∼ 30 (NW67 nanowire), and τd,min ∼ 0.01 s for N ∼ 3
(NW54 nanowire). This large variation in τd,min or, for
that matter, τd, values of the mobile defects is consistent
with current understanding. The value of τd ∼ 0.1 ns is
in quantitative accord with the properties of TLS in dis-
ordered metals.15,37 Tm is the upper bound of τd, since
the τd ≫ Tm cases are the slow fluctuation events, which
has been excluded in our δGrms analysis. We also note
that the above discussion does not rule out the possible
existence of very fast TLS with time scales shorter than
τd,min in our nanowires. Our results here thus imply a
possible use of Tm for a more microscopic probe of the
mobile defects.
IV. CONCLUSIONS
We have observed temporal universal conductance fluc-
tuations in RuO2 nanowires up to very high temperatures
of ∼ 10 K. The TUCF originate from rich and vigor-
ous mobile defects (e.g., oxygen nonstoichiometries) in
as-grown nanowires. The measured TUCF magnitudes
are well described by the 1D theory and the numbers
of mobile defects have been evaluated. Furthermore, we
discuss that the microscopic information on the charac-
teristic time scales of the mobile defects may be learned
from TUCF measurements.
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